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ABSTRACT

High-resolution seismic-reflection profiles collected in the southern two- 
thirds of Lake Michigan reveal seismic sequences and facies units that depict the 
late Quaternary glacial and postglacial stratigraphy under the lake. Tne late 
Wisconsinan glacial sequence lies unconformably above Paleozoic bedrock. 
Seismic facies analysis of the glacial sequence delineates till, ice-proximal and ice- 
distal sublacustrine outwash, and placiolacustrine facies. Lateral transitions in 
acoustic character between these facies suggest co-deposition of units. Till margins 
beneath the lake indicate the position of glacial readvances that coincided with 
higher-than-present lake levels. Evidence of low glacial lakes is not well preserved 
in the seismic stratigraphy. The only clear evidence of an extensive low take level 
is an unconformity associated with the Chippewa low lake level (about 10 ka) 
which is represented by a seismic reflection (R2). The unconformity truncates the 
glacial seismic sequence on basin slopes and separates the glaciolacustrine unit of 
the lower Lake Michigan Formation from the postglacial lacustrine sequence of the 
upper Lake Michigan Formation. The reflection (R2) that marks the unconformity 
extends to the deep basins where the unconformity grades into an equivalent 
conformable horizon. The unconformity formed subaqueously during the 
transgression that followed the low Chippewa level, the pre-Nipissing transgression. 
Erosion during this transgression removed most paleochannels, deltas, beach 
deposits, wave-cut scarps, and ridges, as well as ploer unconformities that would 
indicate low glacial lake levels. The postglacial lacustrine sequence has an 
asymmetric distribution; as much as 18 m of postglacial deposits lie beneath the 
slope along the eastern side of the lake, whereas the western slope of the basin is 
underlain by deposits 4 m or less thick. Postglacial sediment is generally 2-4 m 
thick in the deep basins. Only thin patches of postglacial sediment and lag deposits 
veneer till over the southwestern end of the lake and over mid-lake bathymetric 
highs, suggesting these are regions of erosion and nondeposition.

INTRODUCTION

As part of a cooperative project with the states of Illinois and Indiana, the 
U.S. Geological Survey collected high-resolution seismic-reflection profiles and 
cores in the southern two-thirds of Lake Michigan in 1988 and 1989 (fig. 1).

Seismic sequence and facies analysis 01 high-resolution seismic-reflection 
profiles contribute basic information on the late Quaternary depositional and lake- 
level history of the Lake Michigan basin. Oscillation of the Lake Michigan ice lobe 
margin and lake level have shaped the stratigraphy of till, sublacustrine outwash, 
and placiolacustrine facies. An extreme low lake level marks the boundary between 
glacial and postglacial deposition. The depositional history of the lake basin over 
the last 10,000 years has shaped the thickness and distribution of Holocene 
deposits.

GEOLOGIC SETTING

The bathymetry of Lake Michigan defines several basins and bathymetric 
hiphs. The major southern and northern basins of the lake are separated by the 
mid-lake high, three smaller mid-lake basins, and a ridge, here referred to as the 
northern ridge (fig. 2). The three small mid-lake basins flank the mid-lake high to 
the east, west, and north. The northern ridge extends northeastward from the west 
side of the lake, separating the western and northern mid-lake basins from the 
much larger northern basin.

Glacial scouring of eastward dipping Paleozoic bedrock formed the overall 
basin morphology (Thwaites, 1949; Emery, 1951; Hough, 1958; Wickham and 
others, 1978). Soft shale underlies the deep basins, and resistant dolomite, 
limestone, and sandstone form ridges between the basins.

At least four till units (fig. 3b), the Wadsworth, Shorewood, Manitowoc,
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Figure 1. Map of Lake Michigan showing the location of seismic-reflection profile 
tracklines. Geologic sections in plates 1 (A-A') and 2 (B-B') are indicated 
with bold lines. Numbered thick line segments and arrows indicate 
locations of other figures. Solid circles show the location of cores described 
by Colman and Foster (1990). Bathymetric contour interval 20 m.
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Figure 2. Bathymetric map of Lake Michigan showing the physiography of basins 
and topographic highs. Bathymetric contour interval 20 m.
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and Two Rivers Members (Lineback and others, 1974), were deposited by late 
Wisconsinan glacial readvances during the overall retreat of the Lake Michigan ice 
lobe. Three minor glacial readvances are marked by moraines and (or) the distal 
margins of till wedges beneath Lake Michigan (Lineback and others, 1974). 
Readvances of the glacier incorporated proglacial lake deposits into till, as is 
supported by the predominantly silty clay lithology of cores that sample the till 
units (Lineback and others, 1974; Colman and Foster, 1990).

Ice advance and deposition of the till units coincided with high glacial lake 
levels (Hansel and others, 1985). The Wadsworth till was deposited during the 
Glenwood I level (14.5 and 13.5 ka), and the Shorewood and Manitowoc till were 
deposited during the Glenwood n level (13 and 12.2 ka). Both Glenwood levels 
reached about 19 m above present lake level. The slightly lower Calumet level 
(11.8 to 11.2 ka) was about 13 m above present lake level during the Two Rivers 
till readvance (Hansel and others, 1985, Larsen, 1985a,b).

Ice-proximal lacustrine sediment and outwash of the Equality Formation 
(Willman and Frye, 1970) (fig. 3b) was deposited over till primarily in the deep 
basins (Lineback and others, 1970). The Equality Formation is composed of sand, 
mud, and clay-pebble conglomerate, similar to the composition of the till unit from 
which it was derived (Gross and others, 1972).

Low lake levels coincided with glacial retreat and deposition of the Equality 
Formation (Wickham and others, 1978). The minimum elevations of low-level 
glacial lakes, the Intra-Glenwood low (13.5 to 13 ka) and the Two Creeks low 
(about 12 ka), are not well known (Hansel and others, 1985).

Red glaciolacustrine clay of the Sheboygan and South Haven Members 
(Lineback and others, 1970), the lower part of the Lake Michigan Formation (fig. 
3b), was deposited beginning with the glacial retreat from the Two Rivers ml 
margin, according to Wickham and others (1978) and Lineback and others (1979). 
As the glacier retreated from the Lake Michigan basin, the Straits of Mackinac 
were opened about 11.2 ka, and lake level dropped from the high Calumet level 
to the Main Algonquin of Michigan level, about 115 m below present lake level 
in the southern basin (Larsen, 1987). Deposition of the gray Wilmette bed 
interrupted red clay deposition within the Sheboygan Member.

A significant unconformity within the Lake Michigan Formation (fig. 3a) 
separates underlying red glaciolacustrine deposits from overlying gray postglacial 
deposits. Hough (1955) suggested that this unconformity formed with the fall of 
lake level to as much as 107 m below present lake level, the Chipjpewa low level. 
Drainage to the low Chippewa level occurred when an isostatically depressed 
northern outlet near North Bay, Ontario was deglaciated (Hough, 1955) about 10.3 
ka (Larsen, 1987), thus the unconformity occurs approximately at the Pleistocene- 
Holocene boundary.

The upper pan of the Lake Michigan Formation (fig 2b), comprised of gray 
postglacial lacustrine clay of the Waukegan, Lake Forest, and Winnetka Members 
(Lineback and others, 1970), was deposited above the Chippewa unconformity. 
Postglacial deposition continued as isostatic rebound of northern outlet caused lake 
level to rise from the Chippewa low level to the Nipissing high levels (5 to 4 ka) 
that were up to 8 m above present lake level. Lake level then fell to the Algoma 
level and continued to fall, reaching modern lake levels at 2.5 ka (Hansel and 
others, 1985).

PREVIOUS WORK

The Illinois State Geological Survey (ISGS) collected 3000 km of 3.5 and 
7-kHz seismic profiles (Lineback and others, 1971, 1974; Gross and others, 1972; 
Lineback and Gross, 1972) and 5140 km of 14.25-kHz echosounder profiles 
(Wickham and others, 1978) from Lake Michigan. The high-frequency profiling 
systems used in these studies had limited penetration in till and did not always 
penetrate lacustrine sediment in sandy nearshore areas or where seismic signals 
were attenuated by gas-bearing sediment. Previous seismic stratigraphic



interpretations were correlated with the stratigraphic nomenclature proposed by 
Lineback and others (1970), which was based on sediment cores (fig. 3b).

METHODS

High-resolution seismic-reflection profiles and cores from 29 sites (Colman 
and Foster, 1990) were collected in the southern two-thirds of Lake Michigan (fig. 
1). The data were collected aboard the RV Roger B. Simons in September, 1988, 
along 950 km of tracklines, and aboard the RV Laurentian in June, 1989, along 
1250 km of tracklines. An additional 700 km of seismic profiles were collected 
along the Illinois and Indiana nearshore zone in July and August, 1988, aboard the 
RV Neecho, and in May, 1989, aboard the RV Neptune. Tracklines were navigated 
with a Megapulse Accufix 500 Loran C receiver or a Miniranger System. Two 
types of seismic profiling systems were used: 1) an ORE 3.5-kHz system along 
seismic lines and during coring operations and 2) a boomer-type system, using a 
Huntec source (500 joules) or an ORE Geopulse source (280 joules). The boomers 
were triggered every 0.5 s, and the seismic signals were filtered between 300 and 
5000 Hz. The 3.5-kHz and boomer seismic profiles were typically recorded at a 
0.25 s sweep rate.

Our interpretation of the Quaternary seismic stratigraphy of Lake Michigan 
followed the approach of Mitchum and others (1977a,b) which employs sequence 
and facies analysis. Seismic sequences are defined as packages of genetically 
related reflections bounded by unconformities or their equivalent conformable 
surfaces. Within seismic sequences, seismic-facies units have internal reflections 
and external form that differ from adjacent units. Facies parameters were 
interpreted to suggest depositional environment and lithology of the seismic units. 
Traditionally, seismic sequence analysis has not been applied to Quaternary seismic 
stratigraphy; however, any seismic unit that is bounded by discontinuities can be 
defined as a distinct depositional sequence, regardless of the geologic age of the 
unit. Our use of seismic sequences to describe glacial depositional units is not the 
same as morphosequences (Koteff and Pessl, 1981) used in describing subaerial 
glacial deposits.

Core descriptions from Hough (1955, 1958), Lineback and others (1970, 
1971, 1972, 1974), Lineback and Gross (1972), Wickham and others (1978), and 
ISGS (unpublished data), together with cores collected in conjunction with this 
study (Colman and Foster, 1990), provided data for verification of the seismic 
stratigraphy.

SEISMIC STRATIGRAPHY

The shallow seismic stratigraphy beneath Lake Michigan is defined by 
seismic sequence and facies units. The acoustic properties and geometric 
relationships of seismic units are summarized in table 1. This stratigraphy includes 
two distinct unconformities that separate three seismic sequences (fig. 3d). The 
sequences are: 1) Paleozoic bedrock; 2) late Wisconsinan glacial deposits; 3) 
postglacial lacustrine deposits. Although Paleozoic bedrock is a distinct seismic 
unit, we do not interpret the geologic history of bedrock in this report. However, 
the unconformity at the bedrock surface defines the lower boundary of the glacial 
sequence. The glacial and postglacial seismic sequences are divided into seismic- 
facies units (fig. 3d). The glacial sequence contains till, ice-proximal and ice-distal 
sublacustrine outwash, and glaciolacustrine units (table 1). The postglacial sequence 
consists entirely of lacustrine deposits that grade from nearshore sand to deep basin 
mud facies. A thick wedge of lacustrine sediment on the eastern slope of the lake 
comprises a distinct facies unit of the postglacial sequence (table 1).

We attempted to correlate our seismic units with the stratigraphic 
nomenclature that was derived from lithostratigraphy from cores (fig. 3b) 
(Lineback and others, 1970). However, this correlation is sometimes awkward. The 
unconformity (R2, fig. 4) that separates the glacial and the postglacial seismic
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DEEP 
BASIN

BASIN 
SLOPE

NEAR 
SHORE

4.8 Ka 
NIPISSING 
HIGH LAKE- 
LEVEL

10.3 Ka
LAKE-LEVEL DROP 
TO CHIPPEWA LOW 
LEVEL AND START 
OF PRE-NIPISSING 
TRANSGRESSION

Figure 4. Seismic stratigraphy for the nearshore, basin slope, and deep basin of the 
Lake Michigan Formation; Qlu, upper Lake Michigan Formation 
(postglacial sequence); Qll, lower Lake Michigan Formation (upper part of 
the glacial sequence). Stipple pattern indicates deposits are absent. Seismic- 
reflections Rl, facies change within the upper Lake Michigan Formation; 
R2, Chippewa transgressive unconformity and conformity in the deep 
basins; Cu, inferred regressive Chippewa unconformity which is not 
observed on seismic profiles; R3, reflection within the lower Lake 
Michigan Formation.

8



sequences occurs within the Lake Michigan Formation (fig. 3b). We informally use 
the terms "lower Lake Michigan Formation" (part of the glacial sequence) and 
"upper Lake Michigan Formation" (postglacial sequence), which are separated by 
an unconformity. Another problem in using the previous nomenclature occurs 
where glaciolacustrine, sublacustrine outwash, and till facies were designated as 
formations. These facies commonly grade into each other and outwash commonly 
lies between till units, suggesting that the formation status designated to glacial 
units by Lineback and others (1970) is inappropriate. Two formations, 
corresponding to the glacial and postglacial seismic sequences, would be more 
appropriate, but we have retained the nomenclature of Lineback and others (1970) 
as much as possible for simplicity.

Paleozoic Bedrock

The bedrock surface usually appears as a relatively high-amplitude 
reflection on the boomer-type seismic profiles (figs. 5 and 6). The gross 
morphology of the lake basin conforms to the bedrock surface. In places, beorock 
highs crop out at the lake floor in the southern basin (fig. 7), but local bedrock 
relief is most often buried by sediment. Bedrock highs and ridges are common near 
the lake floor in the northern basin (fig. 8) where the more complex bathymetry 
reflects the bedrock topography (fig. 2). Bedrock ridges that trend northeast form 
the mid-lake high and northern ridge are prominent on the seismic profiles (fig. 9).

Glacial Sequence

We interpret thick, acoustically massive seismic-facies that contain 
scattered, incoherent reflections as tills (table 1). The upper parts of the tills, 
sampled by cores, consist primarily of silly clay with lesser amounts of sand and 
pebbles; the tills have been correlated to onshore units (Lineback and others, 1974; 
Colman and Foster, 1990). The relationships among the tills are illustrated in a 
geologic section constructed from the seismic profiles (plate 1) and a map showing 
the southern extent of the till margins (fig. 10). The Wadsworth till (Qww) and an 
older till unit (Qwu), possibly Haeger till, were deposited by readvances that 
terminated south of the current lake basin. The Shorewood till (Qws)» Manitpwoc 
till (Qwm), and Two Rivers till (Qtr) have distinct margins at their southern limits, 
where the ice margin readvanced and terminated in the lake basin. The till margins 
form wedges (figs. 6 and 11-14) or moraines (fig. 15) which pinch out (figs. 
6,11,14, and 15) or grade into stratified, ice-proximal, sublacustrine outwash (figs. 
12 and 13). A previously unidentified till unit (Qwu) is older than Two Rivers till 
and appears to wedge out above Manitowoc till (figs. 10 and plate 1). This till may 
represent a distinct readvance, but it may also be an isolated occurrence of one of 
the pre-Two Rivers tills.

Ice-proximal, sublacustrine outwash (Qeo) is a facies (table 1) that was 
deposited proximal to till margins. In places, ice-proximal, sublacustrine outwash 
grades laterally into till at till margins (figs. 12 and 13). In the southern basin, the 
outwash forms a fan shaped deposit that thins away from the Shorewood till 
margin (fig. 10). We include this facies as part of the Equality Formation of 
Lineback and others (1970).

In the deep basins, a stratified seismic-facies unit (Qe) with moderately 
continuous to discontinuous reflections (table 1) is intercalated with the till units 
(figs. 11-15). The stratified unit can be traced between till units for distances as 
much as 30 km north of the till margins (plate 1), before it is lost on the seismic 
profiles due to lack of acoustic penetration on the 3.5-kHz profiles and poor 
resolution on the boomer-type profiles. On the basin slopes internal reflections 
become discontinuous and weak. Towards the till, the unit becomes acoustically 
massive, similar to till, making the contact between lacustrine deposits and till a 
transitional one (fig. 13). We identify this facies unit as ice-distal sublacustrine 
outwash, correlative with the Equality Formation of Lineback and others (1970).



SEISMIC UNITS

Qlu UPPER LAKE MICHIGAN FORMATION (POSTGLACIAL SEISMIC 
SEQUENCE)

Qll LOWER LAKE MICHIGAN FORMATION (GLACIOLACUSTRINE FACIES 
OF THE GLACIAL SEISMIC SEQUENCE)

Qe EQUALITY FORMATION (ICE-DISTAL SUBLACUSTRINE OUTWASH 
FACIES OF THE GLACIAL SEISMIC SEQUENCE)

Qeo EQUALITY FORMATION (ICE-PROXIMAL SUBLACUSTRINE 
OUTWASH FACIES OF THE GLACIAL SEISMIC SEQUENCE

Qtr TWO RIVERS TILL MEMBER (TILL FACIES OF THE GLACIAL 
SEQUENCE)

Qwm MANITOWOC TILL MEMBER OF THE WEDRON FORMATION (TILL 
FACIES OF THE GLACIAL SEISMIC SEQUENCE)

Qws SHOREWOOD TILL MEMBER OF THE WEDRON FORMATION (TILL 
FACIES OF THE GLACIAL SEISMIC SEQUENCE)

Qww WADSWORTH TILL MEMBER OF THE WEDRON FORMATION (TILL 
FACIES OF THE GLACIAL SEISMIC SEQUENCE)

Qwu UNDIFFERENTIATED TILL (TILL FACIES OF THE GLACIAL SEISMIC 
SEQUENCE)

Pz PALEOZOIC BEDROCK (BEDROCK SEISMIC SEQUENCE)

SEISMIC REFLECTIONS

R1 FACIES CHANGE WITHIN THE UPPER LAKE MICHIGAN FORMATION 
(POSTGLACIAL SEQUENCE)

R2 CHIPPEWA UNCONFORMITY OR THE EQUIVALENT CONFORMITY (GLACIAL 
POSTGLACIAL SEISMIC SEQUENCE BOUNDARY)

R3 MARKER REFLECTION WITHIN THE LOWER LAKE MICHIGAN FORMATION; 
POSSIBLE CONFORMITY THAT RELATES TO MAIN ALGONQUIN LOW LEVEL

HEAW LINES ON LINE DRAWINGS ARE MAJOR UNIT BOUNDARIES; LIGHT LINES 
REPRESENT INTERNAL REFLECTIONS WITH A MAJOR UNIT

ARTIFACTS

M MULTIPLE REFLECTION

C CROSS-TALK INTERFERENCE

Figure 5. Key explaining symbols used for seismic profile figures.
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86°W

CONTOUR INTERVAL * 20 METERS

42°

Figure 10. Map showing the southern extent of till margins and the margin of an 
extensive ice-proximal sublacustrine outwash deposit (Qeo) beneath Lake 
Michigan. Qws, Shorewood till margin; Qwm, Manitowoc till margin; Qwu, 
undifferentiated till margin within the Wedron Formation; Qtr, Two Rivers 
till margin. Hatures indicate the up-ice side of the margin. Margins are 
dashed where inferred.
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Cores that penetrate the Equality Formation contain sandy clay with abundant clay 
and lithified clasts (Lineback and others, 1970; Wickham and others, 1978; Colman 
and Foster, 1990).

Overlying the Equality Formation (Qe), a distinct seismic-facies unit (Qll) 
is acoustically transparent or contains weak to strong, continuous reflections that 
drape deeper seismic units (fig. 16). The unit (Qll) is thickest in the deep basins 
and is truncated by an unconformity on the basin slopes (fig. 17 and plate 2). In 
places, the continuous internal reflections at the base of this unit (Qll) grade 
laterally into stronger, moderately continuous to discontinuous reflections, similar 
to those of the sublacustrine outwash facies of the Equality Formation (Qe) (fig. 
13). We informally call this unit (Qll) the lower Lake Michigan Formation and 
infer an ice-distal, glaciolacustrine origin. Cores that penetrate the lower Lake 
Michigan Formation contain extremely fine-grained reddish clay that is relatively 
uniform throughout the unit Silt rhythmites and occasional beds of clay and 
lithified clasts have been observed in some cores (Wickham and others, 1978; 
Colman and Foster, 1990). The lower Lake Michigan Formation corresponds to the 
South Have and Sheboygan Members of Lineback: and others (1970). Cores show 
a distinctive gray clay marker bed, the Wilmette Bed (Qllw), within the lower Lake 
Michigan Formation (Hough, 1955,1958; Wickham and others, 1978; Colman and 
Foster, 1990).

A strong, continuous reflection (R3) within the lower Lake Michigan 
Formation (fig. 18) can be traced throughout individual basins and possibly 
throughout Lake Michigan. In places the reflection has a hummocky appearance 
where the lower Lake Michigan Formation drapes irregular surfaces on till and 
Equality Formation deposits (figs. 8, 13). The position of reflection R3 matches 
that of relatively coarse sandy silt zones in two cores from the southern basin slope 
(cores 19P and 20P, Colman and Foster 1990); however, this correlation does not 
exist in all deep basin cores. The reflector occurs above the Two Rivers till in 
seismic profiles, and it occurs below the Wilmette Bed identified in cores.

Chippewa Unconformity

A continuous, planar reflection (R2) represents an unconformity that 
truncates the lower Lake Michigan Formation (figs. 11 and 17) on basin slopes and 
older units in the nearshore zone. The reflection (R2) can be traced to the deep 
basins where the unconformity grades into an equivalent conformable horizon that 
is also represented by reflection R2 (fig. 18). A west-to-east geologic section 
constructed from the seismic profiles illustrates this relationship (plate 2). In cores, 
a sand and shell layer separates underlying red glaciolacustrine mud and overlying 
gray postglacial lacustrine mud where the lower Lake Michigan Formation is 
truncated by reflection R2 on basin slopes (Hough, 1955; Wickham and others, 
1978; Colman and Foster, 1990). Reflection R2 represents the equivalent 
conformity in the deep basins where cores show a gradational color change 
between underlying red glaciolacustrine clay and overlying gray postglacial clay, 
rather than a distinct lithologic contact (Wickham and others, 1978; Colman and 
Foster). We interpret the reflection R2 as the Chippewa unconformity and 
equivalent conformity of Hough (1955).

Postglacial Sequence

The postglacial seismic sequence (Qlu) is bounded at the top by the lake 
floor and at the base by reflection R2, which represents the Chippewa 
unconformity and equivalent deep basin conformity. In the deep basins, the 
sequence forms a conformable sheet that is acoustically transparent or contains 
weak, parallel, and continuous reflections. The postglacial sequence thins on basin 
slopes, except where thick lobes occur along the eastern slope of the lake (fig. 19). 
In cross-section, the lobes contain parallel, weak to moderate strength, continuous 
reflections that converge both towards the nearshore zone and the deep basins (fig.
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where isopachs do not exist (after Foster and Colman, in press).
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20). Acoustic penetration in the 3.5-kHz profiles was locally hindered by biogenic 
gas trapped in the thickest part of the lobes; however, the broader frequency band 
and higher power of the seismic signal of the boomer-type systems was able to 
penetrate the postglacial sequence where gas occurs (fig. 20). Generally, the 
postglacial sequence pinches out in the nearshore zone or grades into a nearshore 
wedge of sand (fig. 21). Cores show that the postglacial sequence consists of gray 
to brown lacustrine silty clay in the deep basins, which grades into sand deposits 
in the nearshore zone (Wickham and others, 1978; Colman and Foster, 1990). We 
informally call the postglacial sequence the upper Lake Michigan Formation (Qlu). 
It corresponds to the Waukegan, Lake Forest, and Winnetka Members (fig. 3b) of 
Lineback and others (1970).

Between 42 and 94 m below present lake level, a strong, planar, continuous 
reflection (Rl) occurs locally within the postglacial sequence (Qlu), usually within 
a meter above the reflection (R2) that represents the Cnippewa unconformity (fig. 
4). On the western slope of the southern basin, the upper reflection (Rl) converges 
basinward with the lower reflection (R2). In other areas, particularly on the eastern 
slope of the southern basin, the lower reflection (R2) fades out basinward, and 
reflection Rl is inferred to converge with reflection R2 (fig. 17). The upper 
reflection (Rl) also converges with the lower reflection (R2) towards the nearsnore 
zone.

The asymmetric distribution of postglacial deposits is extreme (fig. 19). 
Thick deposits (almost 20 m) occur on the eastern slopes of the lake basin. In 
contrast, 2-4 m of postglacial sediment occur in most deep basins, and large areas 
of the lake floor are virtually free of postglacial deposits.

On the eastern slope of the lake basin, postglacial deposits form three 
distinct lobes (fig. 19) that in cross-section form wedges that thin both shoreward 
and basinward (fig. 20). Postglacial sediment wedges occur as slope-front fill 
deposits, i.e., the thickest part of the wedges fill the concave-upward inflection in 
slope at the base of the postglacial deposit, the Chippewa unconformity. The 
thickest part of the lobes are located south of the St. Joseph River, south of the 
Grand River, and north of the Muskegon and White Rivers (figs. 2 and 19).

In the deep basins, postglacial deposits are generally uniform in thickness. 
In the southern basin, postglacial deposits are mostly 2-3 m thick in a band that 
curves around the eastern and northern side of the southern basin (fig. 19). 
Elsewhere in the southern basin, postglacial deposits are generally less than 2 m 
thick. The deeper parts of the northern basin generally have 2-4 m of postglacial 
deposits in depressions that lie between bathymetric highs, whereas less than 2 m 
of postglacial sediment has been deposited over bathymetric highs. The western 
mid-lake basin has an evenly distributed thickness of slightly more than 2 m of 
postglacial sediment. The eastern mid-lake basin contains 2-4 m of postglacial 
sediment except along the northeastern basin margin where part of a lobe of 
postglacial sediment, as much as 14 m thick, extends from the eastern basin slope 
into the basin (fig. 19). The northern mid-lake basin has a relatively even thickness 
of postglacial deposits, which are 4-6 m thick in the center of the basin.

Two large regions of the lake floor have virtually no postglacial deposits 
(fig. 19). The first is a broad shelf off the Illinois and western Indiana shore; this 
area is locally veneered with thin patches of postglacial sediment, some of which 
are probably lag deposits (Hough, 1935). Sand and gravel deposits as much as a 
few meters thick underlie nearshore ridges, particularly between Indiana Shoals and 
off Chicago (fig. 22). The second major area that contains little or no postglacial 
sediment is the mid-lake high and the northern ridge. The sill between the eastern 
mid-lake basin and the southern basin as well as the sill between the western and 
northern mid-lake basins also appears to have little or no postglacial deposits.
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OTHER FEATURES OBSERVED ON SEISMIC PROFILES

Several features that may be related low lake levels can be seen in the 
seismic profiles. These features include possible wave-cut benches and scarps, 
beach deposits, and ridges. However, corroborating evidence for a shoreline origin 
of these features is lacking, and we have generally been unable to trace individual 
features between seismic profiles. Submerged paleochannels and a paleodelta 
indicate low lake levels, but the age and association of these features with a 
paleoshoreline is uncertain.

Benches and scarps are cut into till deposits at depths of 24 m (fig. 23) to 
125 m below present lake level (fig. 24) and vary in height from a few meters to 
as much as 35 m (fig. 24). These benches may be submerged wave-cut bluffs. The 
minimum ages of these features is uncertain except where lacustrine sediments 
onlap the scarps. The scarp-toe at 125 m depth (fig. 24) is onlapped by the lower 
Lake Michigan Formation (Qll); therefore, if this scarp were cut during a glacial 
lake stage, it predates the Chippewa low lake level. A scarp-toe at 32 m depth is 
onlapped by a wedge of the upper Lake Michigan Formation (Qlu) (fig. 25). This 
scarp may have been cut during the pre-Nipissing transgression that followed the 
Chippewa low level. Till scarps may have formed by glacial processes thus may 
not relate to paleo-lake-level.

Submerged-beach or relict-nearshore-sand deposits appear as wedges on the 
seismic profiles (fig. 26). These deposits are preserved wnere a sharp break in 
slope occurs in bedrock (fig. 26) or till (fig. 25). The deepest occurrence of one 
wedge reaches a water depth of 78 m (fig. 26). These wedges may have been 
deposited in a beach or nearshore environment during a stillstand in the 
transgression from the low Chippewa level.

Asymmetric ridges that nave relief of 2-8 m and spacing of about 100-200 
m (fig. 27) were observed in a few locations. Their lateral extent are not known. 
The ndges are preserved along shelf edges where there is a distinct break in slope. 
Reflector (R2), which represents the Chippewa unconformity, is continuous beneath 
the ridges. The ridges are probably sand waves that formed during or after the 
transgression that followed the Chippewa low level. Most of the ridges are 
apparently relict forms as they occur at depths of 18 to 80 m below present lake 
level.

Offshore of the Grand River, prograding reflections represent foreset beds 
of a paleodelta that is preserved beneath the upper Lake Michigan Formation and 
a remnant of the lower Lake Michigan Formation (fig. 28). From its stratigraphic 
position, the delta represents a glacial low lake level, after the Glenwood II high 
level, which was associated with the glacial readvance that deposited Shorewood 
till. The delta may have been deposited during the Two Creeks or Main Algonquin 
low stages. The preserved delta foresets range from 42 to 78 m below present lake 
level. The tops of paleochannels that occur landward of the paleodelta (fig. 28) are 
about 30 m below present lake level. If the paleochannels were distributary 
channels that formed at the same time as the paleodelta, the depth of 30 m below 
present lake level may represent a stillstand level. This depth of 30 m is much less 
than the 116 m below present Lake level suggested for the Main Algonquin level 
in the southern basin by Larsen (1987).

Only one other paleochannel occurs on the seismic profiles in the southwest 
corner of the lake (fig. 23) at a depth of about 20 m below present lake level. Its 
minimum age is not Known.

Paleoshoreline features, paleochannels, and deltas are generally not well 
preserved below present lake level in the southern two-thirds of Lake Michigan. 
Isolated occurrences of such features are at a variety of depths and are difficult to 
trace between seismic profiles. The transgression that followed the low Chippewa 
level apparently eroded most paleochannels and paleoshoreline features.
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Figure 28. Seismic-reflection profiles (profile A, 3.5 kHz and profile B, Geopulse). 
Profile B shows prograding internal reflections within a paleodelta sequence 
(A) and cut-and-fill channels (B) shoreward of the paleodelta. Profile A 
shows a remnant of the lower Lake Michigan Formation (Qll) beneath the 
upper Lake Michigan Formation (Qlu) and Shorewood till (Qws). Depth 
scale on the seismic profiles assumes a sound velocity of 1500 m/s in water 
and sediment. See figure 1 for location and figure 5 for explanation of 
symbols.
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GEOLOGIC HISTORY

The late Wisconsinan and Holocene geologic history of the southern two- 
thirds of Lake Michigan can be reconstructed from the seismic stratigraphy, 
verified by lithostratigraphy from cores. The seismic stratigraphy clearly defines 
two major depositions units: (1) glacial deposits, and (2) postglacial deposits. Till, 
ice-proximal and ice-distal sublacustnne outwash, and glaciolacustrine facies were 
deposited during deglaciation. Evidence of lake level fluctuations during glacial 
deposition is not well preserved in the stratigraphy beneath Lake Michigan. The 
only clear evidence of low lake levels is the Chippewa unconformity, which 
truncates glacial deposits. The Chippewa unconformity marks a shift in sediment 
source and depositional processes in the Lake Michigan basin. Glaciolacustrine 
deposition was focused in the deep basins, whereas postglacial depositional 
processes have resulted in an asymmetric distribution of Holocene deposits.

The Lake Michigan ice lobe readvanced four times during overall retreat 
through the Lake Michigan basin. Three till units, the Shorewood (Qws), 
Manitowoc (Qwm), and Two Rivers (Qtr) tills of Lineback and others (1974), and 
another previously unidentified till (Qwu) terminate at till margins beneath the lake 
(plate 1). The till margins (fig. 10) indicate the position of the maximum 
readvancement of the Lake Michigan ice lobe. High lake levels, the Glenwood and 
Calumet levels, coincided with these glacial advances, and low lake levels, the 
intra-Glenwood and Two Creeks levels, occurred with glacial retreat (Hansel and 
others, 1985).

With each retreat of the glacier in the lake basin, ice-distal sublacustnne 
outwash of the Equality Formation (Qe) was deposited over till. Sublacustrine 
outwash in the deep basins grades laterally into till on the basin slopes, an 
indication that the preserved Equality Formation was deposited at the same time 
or soon after the till. Glacial advances deposited till over the Equality Formation, 
which resulted in intercalated till and sublacustrine outwash deposits. Ice-proximal 
sublacustrine outwash grades into till at till margins, and therefore were deposited 
simultaneously with till. These deposits fan out from the till margins, most 
noticeably along the Shorewood till margin in the southern basin (figs. 10 and 12).

We infer that the lower part of the glaciolacustrine lower Lake Michigan 
Formation was deposited in association with the Equality Formation and the 
reddish-brown Shorewood, Manitowoc, and Two Rivers tills; the red color of these 
deposits originate from iron-rich bedrock in the Lake Superior basin (Dell, 1975; 
Lineback and others, 1979). In contrast, Wickham and others (1978) suggested that 
deposition of the lower Lake Michigan Formation did not begin until the retreat of 
the Two Rivers glacier. They suggested that the lower Lake Michigan Formation 
is acoustically transparent in the southern basin with internal reflectors more 
common in the northern basin. They interpreted from this difference in seismic- 
facies that deposition was relatively uniform in the southern basin, and that 
variable, coarser-grained deposition occurred in the northern basin, close to the 
retreating Two Rivers glacier. We observe acoustically transparent facies as well 
as facies containing continuous reflections in the lower Lake Michigan Formation 
in both the southern basin (fig. 16) and the northern basin. From this, we infer that 
the distance from the sediment source to the southern basin was variable during the 
deposition of the lower Lake Michigan Formation. Also, lateral seismic-facies 
transitions (fig. 13) between the lower Lake Michigan Formation, the Equality 
Formation, and the Shorewood and younger till units indicate co-deposition of 
these facies in contiguous environments. The presence of ice-rafted dropstones in 
cores that penetrate the lower Lake Michigan Formation (Colman and Foster, 1990) 
further suggest that at least the lower part of the lower Lake Michigan Formation 
was deposited while ice was present in the Lake Michigan basin, beginning with 
the deposition of Shorewood till.

Deposition of the glaciolacustrine lower Lake Michigan Formation 
continued with the retreat of the glacier from the Two Rivers till margin (about 11 
ka; Hansel and others, 1985). A marker reflection (R3) within the lower Lake
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Michigan Formation overlies Two Rivers till. Therefore, the lower Lake Michigan 
Formation above reflection R3 and pan of the lower Lake Michigan Formation 
below reflection R3 was deposited after the Two Rivers began to retreat

Reflection R3, within the lower Lake Michigan Formation, may be 
associated with a significant low glacial lake level. Unconformities that formed 
during glacial lowstands less than 70 m below present lake level have not been 
preserved, because the Chippewa unconformity (R2) has truncated the lower Lake 
Michigan Formation to depths of 70 to 100 m below present lake level. Although 
unconformities related to low glacial lakes have been eroded, their equivalent 
conformable horizons are likely to be preserved within the lower lake Michigan 
Formation in the deep basins, in the same way reflection R2 represents a 
conformable horizon in the deep basins. We infer that reflection R3 represents such 
a conformable horizon, and that reflection R3 relates to a low lake level that 
occurred sometime after the Two Rivers glacial advance and the correlative high 
Calumet level (11.8 to 11.2 ka; Hansel and others, 1985), but before deposition of 
the Wilmette Bed (11 to 10 ka; Drexler and others, 1983), which overlies reflection 
R3. This timing suggests the association of reflection R3 with the beginning of the 
Main Algonquin stage of Lake Michigan, inferred by Larsen (1987) to be a low 
level lake that occurred when the Mackinac Straits were deglaciated at about 11.2 
ka, and lake level was controlled by the Mink Lake Sill in Ontario (Larsen, 1987).

The Wilmette Bed, a distinctive gray marker bed observed in cores (Colman 
and Foster, 1990), occurs within the lower Lake Michigan Formation above 
reflection R3. We did not observe a reflection correlative with the Wilmette Bed 
on our seismic profiles, in contrast to the inference of Lineback and others (1971). 
The Wilmette Bed may have been deposited when glacial meltwater from the 
Superior basin, the source of red clay, was cut off from the Lake Michigan basin 
during deglaciation of the Superior basin, between 11 and 10 ka (Drexler and 
others, 1983; Hansel and others, 1985; Colman and Foster, 1990).

The red clay deposited above the Wilmette Bed may have come from 
meltwater that flowed across the Upper Peninsula of Michigan into the Lake 
Michigan basin during the advance and retreat of the Marquette glacier in the 
Superior basin (10 to 9.8 ka; Drexler and others, 1983; Teller, 1985). Alternatively, 
Wickham and others (1978) and Lineback and others (1979) suggested that 
reworked red clay was deposited over the Wilmette Bed during the regression of 
the lake to the low Chippewa level. In addition to reworked red clay deposited 
during the low Chippewa Stage, reworking of red clay may have also occurred 
during the low Main Algonquin Stage of Lake Michigan.

Larsen (1987) suggested that the elevations of the top of the red clay of the 
lower Lake Michigan Formation, which generally rise to the north, were broadly 
contemporaneous with the Main Algonquin level (11.2 to 10.5 ka) in Lake 
Michigan. However, the Chippewa unconformity truncates the red clay on basin 
slopes, suggesting the red clay was formally more extensive. The maximum 
elevation of the Sheboygan Member, 82 m below present lake level (Lineback and 
others, 1972), was once higher. Our seismic profiles indicate that red clay of the 
lower Lake Michigan Formation has been truncated between 70 and 98 m below 
present lake level in the southern basin, and the level of truncation descends to the 
north. We suggest that the upper limit of red clay in the southern basin was 70 m 
or less below present lake level, and the present elevation of the red clay is where 
red clay is truncated by the Chippewa unconformity. The present elevation of the 
red clay is apparently lower than the minimum elevation 01 a the Main Algonquin 
of Lake Michigan of Larsen (1987).

The planar, smooth reflection and absence of erosiqnal channeling where 
reflector R2 truncates the lower Lake Michigan Formation suggests that the 
associated unconformity was formed subaqueously by wave erosion. We infer that 
the unconformity formed during the transgression from the low Chippewa level 
(10.3 ka) to the Nipissing level (5 ka), which was about 8 m above present lake 
level (Hansel and others, 1985; Larsen, 1985a,b).

In the absence of strandline features, the minimum Chippewa low level can
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only be determined from the maximum depth of the Chippewa unconformity, from 
which the depth of wave-base erosion must be subtracted. Our seismic profiles 
show the truncation of the lower Lake Michigan Formation occurs to depths of 
more than 70 m below present lake level. The Chippewa unconformity extends 
deeper than the truncation of the lower Lake Michigan Formation and grades into 
a conformable horizon. Because of this gradation, the exact depth of the limit of 
the unconformity can not be determined from the seismic profiles.

The maximum depth of the sand and shell zone at 107 m below present 
lake level, determined from cores (Hough, 1955), is probably close to the 
maximum depth of the Chippewa unconformity. However, Hough (1955) did not 
account for wave-base erosion, which has been estimated for modern Lake 
Michigan to be as much as 46 m (Sly and Thomas, 1973) or possibly deeper 
(Hands, 1983). Wave base may have been less during the low Chippewa level, 
because the fetch was limited by the smaller size of the nearly isolated southern 
basin. Wickham and others (1978) placed the maximum depth of the unconformity 
at 82 m below present lake level, me level at which the red clay of the lower Lake 
Michigan Formation pinches out by truncation on basin slopes. They assumed a 20 
m wave base, and suggested that the Chippewa level reached a depth of 62 m 
below present lake level. We suggest that the maximum depth of the unconformity 
is greater than 82 m below present lake level, because seismic profiles show that 
the unconformity extends deeper than the pinch out of the red clay, as the sand and 
shell zone from cores suggest (Hough, 1955).

A sill separates the southern and eastern mid-lake basins and has a 
threshold of about 102 m below present lake level (fig. 2). Hough (1955,1958) and 
Larsen (1987) suggested that during the minimum Chippewa low level a separate 
lake, Southern Lake Chippewa, in the southern basin spilled across the sill into 
main Lake Chippewa, on the assumption that the Chippewa lowstand was more 
than 100 m below present lake level. Hough (1958) referred to a channel that 
connected the basins across the sill as the Grand Haven River. Where our seismic 
lines cross parts of the sill (fig. 1), there is no indication of a fluvial channel on 
the seismic profiles. Therefore, we suggest that the Chippewa lowstand was not 
any lower than the depth of the sill (about 102 m), and the southern basin was not 
separated from the eastern mid-lake basin during the Chippewa low level.

A lens-like deposit locally preserved between reflector Rl and the 
Chippewa unconformity (R2) (fig. 4) is interpreted to be a transgressive lacustrine 
deposit. The upper reflection (Rl) may occur at a facies change within the 
postglacial unit, where a change from relatively high energy to low energy 
deposition occurred as lake level transgressed from the Chippewa low level.

The distribution and thickness of postglacial deposits (fig. 19; Foster and 
Colman, in press) suggests variable rates of sedimentation that reflect postglacial 
processes during the past 10,000 years. We agree with Lineback and Gross (1972) 
that the thick postglacial deposits on the eastern slope (fig. 19) reflect sediment 
sources from rivers along the Michigan coast as well as sediment derived from 
coastal erosion and that lake circulation has affected the distribution of postglacial 
sediment. Sedimentation rates are higher on the eastern side of the southern basin, 
where thick postglacial deposits occur, compared to relatively low sedimentation 
rates and thin postglacial deposits on the western side. Modern sedimentation rates 
are also inferred to be higher on the eastern side of the southern basin, on the basis 
of concentrations of anthropogenic trace elements (Lineback and Gross, 1972) and 
organic compounds in the surface sediment (Eadie and Robbins, 1987). The pattern 
of concentration of these materials in the surface sediment is similar to the pattern 
of postglacial sediment thickness (Lineback and Gross, 1972; Foster and Colman, 
in press). The spatial association of high modern sedimentation rates with thick 
postglacial deposits suggests a relatively uniform pattern of deposition over the past 
10,000 years. However, rates of deposition do not appear to have been constant, 
either on the western side of the southern basin (Colman and others, in press), or 
on the eastern side (Rea and others, 1980). Preliminary radiocarbon dates and 
faunal analyses (S.M. Colman, unpublished data) suggest that much of the sediment
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in the thick lobes on the eastern side of the lake basin was deposited very rapidly, 
shortly after 10 ka. If this conclusion is correct, it minimizes the large contrast in 
sedimentation rates suggested by the thickness data.

In the deep basins, our seismic profiles show a strong reflection (R3) that 
occurs within the lower Lake Michigan Formation; a weaker reflection (R2) (fig. 
18) separates the upper from the lower Lake Michigan Formation. All of the 
available core data (Hough, 1955, 1958; Lineback and others, 1970, 1971, ,1972, 
1974; Wickham and others, 1978; Colman and Foster, 1990; ISGS, unpublished 
data) support the correlation of reflection R2 with the base of the gray postglacial 
clay. However, Wickham and others (1978, fi§. 4) apparently used the stronger, 
deeper reflection R3 as the base of the postglacial deposits and indicate that more 
than 5 m of postglacial deposits occur in the deep basins. In contrast, using 
reflection R2 as the base of postglacial deposits, we measure only 2-4 m of 
postglacial sediment in most of the basins (fig. 19).

The southwestern region of Lake Michigan also lacks significant postglacial 
sediment cover (fig. 19) where seismic profiles show till exposed over much of the 
lake floor, overlain by patches of sand (fig. 22). Some 3.5 kHz seismic profiles 
along the Illinois nearshore show deposits of the nearshore sand wedge, which 
generally extends offshore and feathers out within 1 km of shore or grades into the 
lower Lake Michigan Formation north of Waukegan, IL. Our seismic profiles from 
this large region of nondeposition support Hough's (1935) interpretation that the 
till bottom in this region is eroded by present-day wave and current action, which 
has resulted in a lag deposit over till. Sand and gravel that is eroded from the till 
accumulates in discontinuous bars and ridges, or is transported to the nearshore 
sand body (Hough, 1935). Some deposits in this region may be relict from the 
transgression that followed the Chippewa low level, analogous to the buried deposit 
between reflection Rl and the Chippewa unconformity.
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